Many cell types respond to electric fields (EFs) through cell migration, a process termed galvanotaxis. The galvanotactic response is critical for development and wound healing. Here we investigate whether skin-derived precursor cells (SKPs), which have the potential to differentiate into mesodermal and peripheral neural cell types, undergo directed migration in the presence of an EF. We found that EF application promotes SKP migration towards the anode. The migratory response is substrate-dependent as SKPs undergo directed migration on laminin and Matrigel, but not collagen. The majority of SKPs express the undifferentiated cell markers nestin, fibronectin and Sox2, after both EF application and in sister cultures with no EF application, suggesting that EFs do not promote cell differentiation. Co-cultures of SKPs and brain-derived neural precursor cells (NPCs), a population of cells that undergo rapid, cathode-directed migration, reveal that in the presence of NPCs an increased percentage of SKPs undergo galvanotaxis, providing evidence that cells can provide cues to modify the galvanotactic response. We propose that a better understanding of SKP migration in the presence of EFs may provide insight into improved strategies for wound repair.
Introduction
Endogenous EFs are important throughout development and in wound healing. Physiologically, EFs and electric potentials are created through the separation of ions. These EFs and electric potential patterns control an organism's anatomy and morphology (Levin et al., 2017; Levin and Martyniuk, 2018) . EFs affect cellular processes such as migration, alignment, proliferation and differentiation (Thrivikraman et al., 2018) . Galvanotaxis, which is the migration due to EFs, has been shown to override other migration cues (Funk, 2015; Zhao, 2009) . Cells can sense EFs through the electrophoresis of charged membrane channels and the polarization of charged molecules triggering localized signalling pathways and cytoskeletal changes for cell migration (Allen et al., 2013; Huang et al., 2017; Nakajima et al., 2015) . Further, the galvanotactic response is cell-type dependent. Cells are differentially electro-sensitive and migrate at different speeds and directions, i.e. towards the positive or negative EF terminal called the anode and cathode, respectively (Ozkucur et al., 2011; Sillman et al., 2003) and field strengths of 3 mV/mm to over 1000 mV/mm can elicit a galvanotactic response depending on the cell type (Iwasa et al., 2017) . One of the most well-studied stem cell types that undergo galvanotaxis are NPCs which demonstrate a robust, rapid and directed cathodal migration in response to EFs (Babona-Pilipos et al., 2011 , 2015 Cao et al., 2013; Meng et al., 2011) .
When an injury occurs, an EF is created which directs cell migration to the injury site. Understanding how EFs affect the migration of stem cells is important to understanding how wound repair occurs. In the skin, cell migratory responses to EFs are varied. Mature cell phenotypes such as human epidermal keratinocytes migrate towards the cathode in an EF (Nishimura et al., 1996) , human dermal fibroblasts migrate towards the anode (Guo et al., 2010) , and melanocytes have not been shown to undergo galvanotaxis (Grahn et al., 2003) . With regard to dermal skin-derived stem cells, the galvanotactic response has not been examined. SKPs are found in the dermal papillae and are multipotent, self-renewing cells (Toma et al., 2001) . These stem and progenitor cells give rise to adipocytes, dermal fibroblasts, skeletogenic cells, smooth muscle cells, Schwann cells and neuronal precursors (Biernaskie et al.,Steinbach et al., 2011; Toma et al., 2001 ). These cells contribute to wound healing through migration and differentiation in response to injury. Indeed, SKPs migrate in response to biopsy punch wounds and their transplantation can promote wound repair in diabetic ulcers Ke et al., 2015) . Further, factors that promote their proliferation in vitro can improve wound healing in vivo (Naska et al., 2016) . Given the promising therapeutic potential of SKPs for enhancing skin repair, we sought to determine their responsiveness to EF application.
Herein, we examine the effects of EFs on SKP galvanotaxis. We demonstrate that SKPs undergo anodal galvanotaxis. SKP galvanotaxis is substrate-dependent and the presence of NPCs and their conditioned media modify their galvanotactic response.
Materials and methods

Ethics statement
All animal work was approved by the University of Toronto Animal Care Committee in accordance with institutional guidelines (protocol no. 20011515 ). All SKP dissections were performed on CD1 post-natal day 0 to 6 murine pups (Charles River). Neurosphere dissections were performed from adult C57/BL6 or transgenic mouse R26R-EYFP bred in house.
Cell culture
SKPs were obtained as previously described Toma et al., 2001) . Briefly, back skin tissue from wild-type CD1 pups (postnatal day 0-6) was dissected free of other tissue, and was dissociated both mechanically and enzymatically with collagenase (1 mg/ mL, Sigma-Aldrich). Cells were plated at most 50 cells/μL in T25 or T75 culture flasks (BD Falcon) in SKP media: (DMEM + Glutamax:F12 + Glutamax, 3:1) with 1% penicillin/streptomycin (Invitrogen) supplemented with epidermal growth factor (EGF, 20 ng/mL; Sigma-Aldrich), basic fibroblast growth factor (bFGF, 40 ng/mL; SigmaAldrich) and 2% B27 supplement. SKPs were fed with the addition of 2-5 mL of fresh medium containing all growth factors and supplements every 2-5 days to replenish the entirety of the culture media. Every 7-21 days SKPs were passaged. As previously described, media and cells were transferred to new flasks to avoid SKP sphere contact with adherent cells. To passage, SKP-derived spheres were collected, mechanically and enzymatically dissociated into single cells and re-plated in SKP media. For all experiments, SKP spheres were used between passage numbers 1-3.
For co-culture experiments, NPCs were derived from a transgenic mouse which ubiquitously expressed yellow fluorescent protein.
Neurospheres were isolated from adult mouse brains as previously described (Babona-Pilipos et al., 2011) . Briefly, brains were removed and the periventricular regions surrounding the lateral ventricles were isolated. These were enzymatically and mechanically dissociated. The cells were plated in serum free media with EGF, (20 ng/mL; Sigma-Aldrich), bFGF, (10 ng/mL; Sigma-Alderich) and heparin (2 μg/mL, Sigma-Aldrich). The NPCs were passaged every 7 days and were used between passages 1-4 for the galvanotaxis assay.
For conditioned media (CM) collection, C57/BL6-derived neurosphere cells were plated at 40 cells/μL. The following day the flask was spun down at 1500 rpm and CM was collected and stored at −20°C or − 80°C prior to use.
Galvanotaxis chambers and assay
Galvanotaxis chambers were constructed as described (BabonaPilipos et al., 2011 (BabonaPilipos et al., , 2012 . Briefly, acid-treated glass slides were coated with poly-L-lysine (Sigma-Aldrich) plated with laminin from Englebreth-Holm-Swarm murine sarcoma basement membrane (50 μg/mL, Sigma), collagen I rat tail (40 μg/mL, Gibco) and 4% (v/v) Corning Matrigel Basement Membrane Matrix (BD Biosciences, Canada). Following coating, SKP spheres were triturated with a P200 and incubated for 17-22 h in the presence of EGF, bFGF and B27 at 37°C, 5% CO 2 in 100% humidity. Prior to being placed in the presence of the direct current EF, the chambers received a glass slide as a roof and were placed in the microscope for live-cell imaging. Silver wire (Alfa Aesar) chlorinated in bleach was used as electrodes and 1.5% agarose gel bridges were used to separate the toxic electrode-media interface from the cells.
For co-culture experiments, chamber construction was the same as above. Both SKP and NPC spheres were removed from their respective cultures, triturated and plated together on chambers coated with laminin. For CM experiments, on the day of chamber construction the CM was thawed and supplemented with EGF, bFGF and B27, and sterile filtered. The CM was added to the chambers and triturated SKP spheres were plated onto the galvanotaxis chamber and placed in the presence or absence of the EF.
Quantification of cell migration
Cells were live-imaged and tracked in the presence and absence of the EF. For SKP migration experiments, images were taken every minute for 150 min. At least 15 cells per experiment were tracked using AxioVision Cell Tracking Software and at least 3 chambers were run per experimental condition. For co-culture experiments, a microscope field of view, which included at least 15 cells that were non-fluorescent (SKPs) and 15 cells that were fluorescent (yellow fluorescent NPCs), was chosen. Images were taken every 5 or 10 min for 150 min. Cells were tracked with automatic tracking software or with the manual tracking option at 10 min intervals. X and Y-displacement shifts in the chamber itself were subtracted from the displacement of the tracked cells as appropriate in the following analyses.
For each individual cell the following parameters were calculated using the measurements as depicted in the diagram in Fig. 1A . The magnitude of the velocity (|velocity|) was calculated by dividing the cell displacement by the elapsed time. The directedness of the migration was calculated by dividing the cell displacement in the direction of the EF (x-displacement) by the cell displacement. This gives the cosine of the angle (θ) between the cell displacement vector and the EF vector. A directedness value of 1 is a cell migrating directly towards the cathode and a value of −1 is a cell migrating directly towards the anode. These values were averaged over the total number of cells tracked in each experimental condition.
Cell migration path graphs were plotted with each cell migration path starting at the origin (0,0) as seen in Fig. 1H -M and Fig. 3C and D. To quantify cell migration directional preference on laminin, NPCs or SKPs were considered to have migrated towards a terminal (cathode or anode), if its displacement towards a terminal was greater than the average of all cell displacements in the absence of an EF plus the standard error of the means for their respective cell type. Otherwise, the cell was considered undirected.
Immunocytochemistry
Immunocytochemistry was performed as previously described (Babona-Pilipos et al., 2011) . Cells were plated overnight (17-22 h) in the absence of an EF. Cells were placed in the EF for 150 min and then fixed with 4% paraformaldehyde (Sigma) for 10-20 min at room temperature for 3 chambers. Control cells were plated overnight (17-24 h) in the absence of an EF for 3 chambers and then fixed. The cells were washed 3 times with PBS for 5 min and permeabilized with 0.3% Triton X-100 (Sigma) for 20 min at room temperature. The cells were exposed to 10% NGS (Jackson Immunoresearch Laboratories) in PBS for 1 h at room temperature and then washed and incubated overnight in primary antibody cocktail at 4°C. The cells were then triple washed for 5 min each in PBS and incubated at room temperature for 1 h with a secondary antibody cocktail. The following primary antibodies were used in a cocktail: rabbit polyclonal anti-fibronectin (1:400, Sigma) and mouse monoclonal anti-nestin (1:400, Millipore). Rabbit polyclonal anti-Sox2 (1:200, Abcam) was used as a single antibody. The following secondary antibodies were incubated for 1 h at room temperature: goatanti-rabbit conjugated with Alexafluor 488 (1:400, Invitrogen-Gibco) and goat-anti-mouse conjugated with Alexafluor 568 (1:400, Invitrogen-Gibco). Cells were mounted with mounting media containing 4′,6-diamidino-2-phenylindole (Vector Laboratories) for nuclear staining.
Images were taken and positive cells were counted in the region with a high density of plated cells and at 4 other locations: 1000 μm above, below and beside the initial imaging location. The percentage of Fig. 1 . SKPs migrate towards the anode in the presence of a direct current EF on laminin and Matrigel, but not on collagen. A) Diagram of an example cell path in black and the measured variables used to calculate the |velocity| and directedness of the cells. The average SKP |velocity| and directedness on B)-C) laminin, D)-E) collagen and F)-G) Matrigel was calculated in the presence and absence of a direct current EF over 3 experiments. H)-M) Representative tracked cell paths for one experiment of SKPs over 150 min. SKPs on laminin in the H) absence of an EF (n = 26) and I) in the presence of an EF (n = 25); on collagen in the J) absence of an EF (n = 36) and K) in the presence of an EF (n = 39); and on Matrigel in the L) absence of an EF (n = 22) and M) in the presence of an EF (n = 21) Anodes indicated by "+" and cathodes "-". Data are represented as means ± S.E.M., ****p < 0.0001. S.N. Iwasa et al. Stem Cell Research 31 (2018) 95-101 positive cells was recorded for each chamber and averaged over 3 chambers in the experimental condition.
Statistical analysis
Values are represented as means over all cells ± standard error of means. Group means were compared using an unpaired t-test. Comparisons were done between percentages of cells showing a preference towards the anode, cathode and undirected pole using a Fisher's exact test. Comparisons of values to zero were done using a one-sample t-test.
Results
SKPs undergo anodal galvanotaxis
SKPs were plated in the presence of growth factors and placed in the presence of an EF for 150 min on two physiologically relevant substrates, laminin and collagen I which are present in the skin, as well as Matrigel which is an adhesive substrate containing a combination of laminin, collagen IV, TGF-β, and extracellular matrix proteins and growth factors found in mouse sarcoma. We utilized a field strength of 250 mV/mm, which induces NPC galvanotaxis (Babona-Pilipos et al., 2011) . To characterize SKP migration we calculated the magnitude of the velocity, |velocity|, and directedness using the variables seen in Fig. 1A and described in Methods 2.4. Notably, in the absence of an EF the directedness was not significantly different from zero on any substrate examined (one sample t-test, (laminin) p = 0.15, (collagen) p = 0.37, (Matrigel) p = 0.078) (Fig. 1C,E,G) . However, SKPs displayed directed migration towards the anode on laminin and Matrigel in the presence of an EF (Fig. 1C,G) . On collagen, directedness was not significantly different in the presence or absence of the EF (unpaired t-test, p = 0.65) (Fig. 1E ). These findings demonstrate that SKP galvanotaxis is substrate-dependent. Fig. 1H -M shows individual cell migration paths on laminin, collagen, and Matrigel substrates in the presence or absence of an EF.
With regard to SKP migration |velocity|, no significant difference was observed in the presence and absence of an EF on any substrate tested (Fig. 1B,D,F) . No differences in the numbers of adherent cells on laminin, collagen and Matrigel were observed throughout the time lapse imaging. Although, cells continued to adhere to the substrates, cell morphology became less elongated and more rounded in the presence of an EF compared to no EF (Supplementary video 1-6 in the web version).
SKP electro-sensitivity
To test whether the weak galvanotactic migratory response of SKPs was due to suboptimal EF strength application, we chose to investigate EFs of 125 mV/mm and 500 mV/mm on laminin. At a lower field strength of 125 mV/mm, |velocity| remained the same (0.14 ± 0.01 μm/min) and migration was still directed towards the anode (−0.24 ± 0.06). Directedness at 125 mV/mm was not significantly different from that of 250 mV/mm EF. At a higher field strength of 500 mV/mm, cells died after 100 min of EF application. Thus we were unable to enhance the galvanotactic response of SKPs over a range of field strengths.
One of the most notable observations when analyzing SKP migration was that, unlike NPCs in the presence of an EF, only a subpopulation of SKPs displayed directed migration. In Fig. 2A , we analyzed the percentage of migrating cells. Approximately half of the 62 tracked cells were considered undirected in the presence or absence of an EF for both conditions (53% and 48%, no EF versus no EF condition, respectively). Hence, many SKPs were not responsive to the EF. However, more cells went towards the anode in the presence of an EF (42%) versus in the absence of an EF (18%). Of those directed cells, the proportion of cells migrating to the anode and cathode was significantly different in the absence and presence of an EF (Fisher's exact test, p = 0.0007). This is very different from what is observed in NPCs where > 98% of NPCs undergo galvanotaxis towards the cathode under these same conditions (Babona-Pilipos et al., 2011) . Together, these findings suggest that SKPs are generally less electro-sensitive than other precursor pools.
SKPs express nestin, fibronectin and Sox2 before and after EF application
SKPs have the potential to generate a variety of different cell types including neuronal, skeletogenic and dermal phenotypes Fernandes et al., 2006; Lavoie et al., 2009 ). We asked whether there was heterogeneity within the cells that might underlie the weak galvanotactic response as (1) different cell types display different galvanotactic responses in terms of their migration kinematics (Nakajima et al., 2015) and; (2) we have previously demonstrated that mature neural cell types do not undergo galvanotaxis (Babona-Pilipos et al., 2011) . We sought to determine whether the time in culture, and in the presence of the EF, was inducing differentiation of SKP-derived cells which could ultimately account for the observed weak galvanotactic response. We performed immunocytochemistry on SKPs after EF application and in sister cultures with no EF application, ensuring the same time in culture prior to analysis. Antibodies used to evaluate markers of undifferentiated SKP cells include nestin, fibronectin and Sox2 Toma et al., 2001 ). There was a small, significant decrease in the percentage of cells expressing fibronectin (10%) and Sox2 (4%) at the end of the EF application however the vast majority of SKPs expressed undifferentiated cell markers in the presence or absence of the EF as shown in Fig. 2B . Representative images are found in Fig. 2C-D . The significant increase in anodally-directed cells (from 18 to 42% in the presence of the EF) cannot be accounted for by the cells that are expressing the undifferentiated markers.
SKPs and NPCs migrate in different directions when plated together in the presence of an EF
Our previous work demonstrated that NPCs are electro-sensitive cells that undergo cathodal galvanotaxis at a |velocity| of 1.09 ± 0.15 μm/min (Babona-Pilipos et al., 2011) , which is approximately 5-7× greater than what we observed with SKPs at 250 mV/mm. SKPs migrate much slower and in the opposite direction to NPCs plated on the same substrates (laminin, Matrigel) and in the same field strength (250 mV/mm). To ask whether cell-mediated factors may be influencing cell migratory behaviour in the EF, we performed co-culture experiments with SKPs and NPCs. NPCs expressing yellow fluorescent protein were co-cultured with SKPs from wild-type mice in the presence of growth factors. In co-cultures, NPCs migrated in the same rapid and cathodal-directed fashion as previously demonstrated when cultured alone (Babona-Pilipos et al., 2011) and SKPs continued to migrate towards the anode (Fig. 3A-B and supplementary video 7 in web version) . The individual cell paths in the absence and presence of an EF are shown for NPCs (green) and SKPs (black) on the same graph to demonstrate their different migratory behaviours (Fig. 3C-D) . Virtually all of the NPCs (95%) migrated towards the cathode (Fig. 3E) , similar to what is observed in the presence of an EF when NPCs are plated alone (Babona-Pilipos et al., 2011 , 2015 . Notably, a smaller proportion of SKPs were undirected in the presence of an EF in NPC co-cultures (Fisher's exact test, p = .01) (Fig. 3E) . These findings reveal that SKP migration is dependent on environmental factors that can be modified by NPCs. We next asked whether a secreted factor from NPCs could account for the change in SKP galvanotaxis. Conditioned media (CM) was collected from NPC cultures and placed on SKPs in the galvanotaxis chamber. Strikingly, there was a significant increase in the numbers of cathodally-directed migrating cells within the directed SKP population compared to SKPs alone (10% SKPs alone versus 42% for SKPs+CM) (Fisher's exact test, p < 0.0001) (Fig. 3E) . These findings reveal that a factor in the NPC secretome is able to modify the galvanotactic response of SKPs.
Discussion
The migratory response of cells to EFs is important for directing cells to injury sites. Here we have demonstrated that SKPs undergo anodal galvanotaxis. Their response is heterogeneous unlike the rapid and robust cathodal migration of NPCs. Further, we demonstrate that SKP migration is influenced by the external environment as their migration is substrate-dependent and modified by the presence of NPCs.
The cellular mechanisms underlying differences in galvanotaxis between different cell populations is not well understood. However, the differentiation state of cells can influence cell migration through intracellular pH, membrane potential and ion channel expression, for example (Allen et al., 2013; Babona-Pilipos et al., 2011; Chang and Minc, 2014; Cui et al., 2017; Levin, 2014; Nakajima et al., 2015; Ozkucur et al., 2011) . In our studies, we cannot exclude the possibility that a subpopulation of multipotent SKPs were undergoing differentiation into a more mature phenotype within the culture conditions that could be affecting their galvanotactic response. However, even in an undifferentiated state, SKPs show differential migration patterns when transplanted in vivo Fernandes et al., 2004) . In our experiments, cells were plated in conditions that maintain cells in an undifferentiated state and the vast majority of SKPs continued to express nestin, fibronectin and Sox2 demonstrating that differentiation is not the cause of the differential migration.
A role for external factors was seen as SKPs plated on different matrices underwent different galvanotactic responses. Laminin and collagen are components of the extracellular matrix of the dermis (Iorio et al., 2015; Meigel et al., 1977) . Matrigel is a mixture predominantly of laminin and collagen IV. Interestingly, we found that the matrix regulated the directedness, but not |velocity|, of SKPs. This dissociation between |velocity| and directedness suggests that the mechanisms underlying these distinct parameters of galvanotaxis are differentially regulated, comparable to what others have observed with human keratinocytes (Nishimura et al., 1996; Sheridan et al., 1996) and NPCs ( Babona-Pilipos et al., 2011 , 2018 . In vivo, SKPs are found in the dermal papillae and are exposed to different substrates in the skin such as collagens, laminin, fibronectin and other elastic fibers (Hsu et al., 2014) . Transplanted SKPs migrate to hair follicle niches and also migrate to injury sites . Having distinct migratory responses on different substrates can contribute to the cues necessary to direct SKP migration to desired final environments such as injury sites.
A number of pathways have been elucidated that mediate the EFinduced migration in response to environmental cues. These include: (1) focal adhesions to specific substrates, (2) matrix stiffness and/or morphology and (3) the surface charge of the substrate. Downstream effectors of adhesive interactions regulate the phosphatidylinositol 3-kinase (PI3K)-Akt signalling pathways, a pathway shown to be important in galvanotaxis (Yao et al., 2015) . Concentrations of extracellular matrix molecules can affect EGF receptor expression which is also shown to play a role in galvanotaxis (Sheridan et al., 1996; Zhao et al., 1999) . Differences in matrix stiffness or morphology are other potential players in establishing the galvanotactic response of cells. Indeed, brain tumor-initiating cells migrate towards the anode on poly-L-ornithine/laminin coated plates in a 2D environment but the same cells undergo cathodal migration in a collagen type I hyaluronic acid gel 3D environment (Huang et al., 2016) . Surface charge has also been shown to influence EF-induced neurite growth and galvanotaxis of glial cells (Huang et al., 2017; Rajnicek et al., 1998) . The mechanism of galvanotaxis in response to various environmental cues remains an important area for future investigation.
Interestingly, our co-culture experiments with NPCs and SKPs demonstrate that when placed in the same extracellular cues, SKPs and NPCs continue to respond differently, supporting the idea that cells use different signalling pathways when responding to EFs. Similar to when cultured alone, a large portion of the population of SKPs migrates towards the anode and virtually all NPCs migrate towards the cathode. However, in NPC co-cultures, a greater percentage of SKPs undergo directed migration. We demonstrated further that factors released from NPCs are affecting the directed migratory behaviour of SKPs. Factors such as vascular endothelial growth factor, bFGF, nerve growth factor, glial cell-derived neurotrophic factor, insulin-like growth factor-1 and/ or transforming growth factor β2 are good candidates for modifying the galvanotactic response (Hawryluk et al., 2012; Ladewig et al., 2014) . A comprehensive understanding of the interplay between EFs in different microenvironments and cells is critical for the development of tools to promote wound healing.
Conclusions
This study demonstrates that SKPs are able to undergo galvanotaxis and their migration is preferentially towards the anode. The fact that SKPs are less electro-sensitive in terms of migratory behaviour induced by the EF (directedness; |velocity|) and that the migration was substrate-dependent, plays an important role in how different cell types respond to tissue injury where EFs are generated. We have further demonstrated that external factors derived from neighbouring cells influence the migration, highlighting the complexity of the interplay between cells and their environment in response to electrical stimulation.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.scr.2018.07.019.
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